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ABSTRACT 

In this work, the dilatation during tensile straining of a cast and 

thermomechanically processed 6061 Al- A1203 metal matrix composite (MMC) 

containing 20 volume percent of A1203 particles was examined. Standard tensile test 

samples of the MMC and unreinforced 6061 Al were machined. Precise diameter 

measurements were made of both composite and unreinforced samples prior to and 

immediately following tensile straining. Tension tests were conducted to various strains 

as well as to fracture and an extensometer was employed to obtain accurate measurement 

of the axial strain. The MMC material exhibited a continuously increasing dilatation 

during tensile straining while the unreinforced 6061 control material deformed plastically 

at constant volume. Careful metallographic preparation revealed particle cracking in all 

MMC samples throughout the range of strains examined. A clear trend of increased 

frequency of particle cracking was observed. Void formation and growth due to cracking 

of the particles was analyzed and shown to correlate with the dilatation observed during 

tensile straining of the composite. Linkage of such voids is proposed as the mechanism 

of crack propagation at failure of the MMC. 
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I. INTRODUCTION 

Engineered materials are those that have had their properties modified during 

processing or fabrication in order to enhance desired characteristics and minimize 

undesirable attributes. The ability to tailor the properties of engineered materials to the 

requirements of potential applications has generated strong interest in utilizing them in a 

growing range of applications. Of particular interest here are the engineered materials 

known as particle-reinforced metal-matrix composites (MMCs). 

In particle-reinforced MMCs, a metal constitutes the matrix in which the 

reinforcing ceramic particles are dispersed. The hard ceramic particles result in a material 

with specific characteristics that are intended to be are superior to those of the metal 

alone. Thus, the ceramic particles can provide enhanced stiffness and improved strength 

and wear resistance while the metallic matrix contributes ductility and toughness. In 

addition, the particulate nature of the reinforcement should result in a nearly isotropic 

material in contrast to the highly anisotropic character of continuously reinforced 

composites. 

One limiting factor in the widespread application of composite materials is their 

generally higher cost. Initially, these materials were produced by powder metallurgy 

methods wherein ceramic and metal powders are blended together and then consolidated 

by application of pressure at elevated temperature. More recently, development of ingot 

metallurgy methods by DURALCAN-USA, of Novi, MI has led to the promise of higher 

volume, lower cost production of MMCs. These methods involve the introduction of the 



reinforcing particles while the matrix metal is molten, with subsequent processing by 

conventional ingot metallurgy methods. [Ref. 1] 

Although offering properties superior to those of monolithic materials in many 

ways, MMCs also have their drawbacks. Poor fracture toughness [Ref. 2] and low 

ductility compared to un-reinforced counterpart materials have also limited their 

acceptance and widespread use; these issues have been the focus of considerable research 

activity [Ref. 3]. At the NPS, thermomechanical processing (TMP) of aluminum alloys 

which have been reinforced either with AI2O3 and consolidated by ingot metallurgy 

methods, or by SiC and consolidated by powder metallurgy methods, has been studied 

extensively [Refs. 4-11]. In recent work, TMP methods designed to homogenize particle 

distributions while simultaneously refining the matrix grain structure have been shown to 

confer greatly improved ductility - strength combinations in ingot-processed 6061 Al 

containing either 10 or 20 volume percent of A1203 particles [Ref. 12]. More recent work 

has concentrated on detailed examination of particle redistribution during TMP and the 

microstructural mechanisms of the failure of these 6061 Al - AI2O3 MMCs during tensile 

deformation. Apparently, load is effectively transferred to the reinforcement particles 

during both elastic and plastic straining as reflected in cracking of reinforcement particles 

during the latter stages of deformation. Void growth then occurs in the matrix in regions 

surrounding the fractured particles with failure then occurring due to linkage of these 

voids across a transverse plane of the specimen [Ref. 1]. 

The present investigation seeks to investigate, in more detail, the deformation and 

failure of a 6061 Al - 20 volume percent A1203 MMC during tensile straining. The goal 



of this research is to better understand the mechanisms governing ductility of this 

composite during tensile loading. Of particular interest is the investigation of particle 

cracking during tensile deformation and the manner in which this process leads to failure. 

The ultimate goal is to describe the mechanisms involved in the processes of load 

transfer, particle cracking and crack linkage in this material. 





II. BACKGROUND 

Before entering into a detailed discussion of the mechanical behavior and failure 

of MMC's, a brief discussion of composite materials and the methods by which they are 

evaluated is presented. 

A. COMPOSITES AS ENGINEERED MATERIALS 

The investigation of composite materials is not a new endeavor in engineering. 

Composites have been in use for thousands of years; the first adobe brick ever allowed to 

dry in the sun was, strictly speaking, an engineered composite material. Beaten straw 

provided the reinforcing fibers in the clay and mud mixture that acted as the matrix of this 

important structural material. 

To be defined as such, a composite material must satisfy three basic criteria. 

First, a composite material is one that has been manufactured or fabricated in some 

manner, i.e. it is a man-made material. Secondly, the material must consist of two 

physically and/or chemically distinct and dissimilar phases, distributed in three 

dimensions such that there are separating interfaces between the phases. Finally, the 

combination must have characteristics distinct from those of the individual materials that 

it comprises. 

Composite materials are generally classified in terms of the reinforcement method 

and the matrix material. Composites are most often reinforced either by continuous fibers 



or by discontinuous whiskers or particles. Reinforcement by continuous fibers allows for 

the optimum load transfer when the continuous fibers are aligned in the direction of 

applied loads. The matrix generally contributes relatively little to the composite strength 

and the material tends to be highly anisotropic in character. In contrast, load is less 

effectively transferred to the reinforcement when the material is discontinuously 

reinforced by the addition of particles. However, the material may also exhibit nearly 

isotropic characteristics. In such particle reinforced materials, matrix strength is more 

critical to the overall strength of the composite [Ref. 13]. Figure 2.1 shows a schematic 

diagram of various reinforcement types, geometries, and orientations [Ref. 14]. 

The three main matrix-based classifications of composites are: Ceramic Matrix 

Composites (CMCs); Polymer Matrix Composites (PMCs); and Metal Matrix 

Composites (MMCs). In CMCs, continuous fibers are generally incorporated with the 

goal of improving the CMC toughness and to increase its ability to resist catastrophic 

failure [Ref. 15]. The matrix is an intrinsically strong and stiff material and provides the 

primary contribution to strength. Because the matrix and the reinforcement are brittle 

materials, toughening must rely on control of interfacial bond characteristics. The second 

class of composites, PMCs, represent the most widely utilized category of composite 

materials. Applications range from aerospace components to sporting goods. Many 

applications rely on the high stiffness- and strength-to-weight ratio attainable by the 

utilization of high-modulus fibers, e.g. graphite, in such materials. In such cases, the 

reinforcement provides increased stiffness and strength while the polymer matrix serves 

primarily to hold the reinforcing fibers in place and transmit applied loads to the fibers. 
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Since the initial work on MMCs in the early 1950's, metal matrix composites 

have been the subject of intense scrutiny. Continuously reinforced MMCs also 

demonstrate high specific strength and stiffness, and also possess better high temperature 

capability than PMCs. In addition, MMCs generally offer greater thermal conductivity 

combined with good thermal shock resistance [Ref. 17]. Because of these characteristics. 

their value in high temperature applications has become increasingly apparent. 

Discontinuously reinforced MMCs generally exhibit lower specific strength and 

stiffness than continuously reinforced materials but are more nearly isotropic in behavior. 

Discontinuously reinforced MMCs containing relatively low volume fractions of particles 

(e.g. 0.1) may offer improved stiffness but otherwise behave similarly to unreinforced 

metals. As volume fraction is increased, strength and stiffness is improved but often with 

unacceptable loss of ductility and toughness. The strength-temperature diagram in Figure 

2.2 presents the performance regimes for several different groups of materials, including 

composites as well as other more traditional engineering materials. The excellent strength 

to weight ratios of MMCs' at elevated temperatures is clearly evident. [Ref. 16]. 

The production/fabrication methods of metal matrix composites has continued to 

evolve over the years. Powder metallurgy methods, originally developed in the 1950- 

60's [Ref. 18], are increasingly being supplemented by recent new developments in 

fabrication techniques. Spray forming, squeeze casting, high-pressure die casting and 

vacuum pressing are all methods that have been more recently developed and have 

yielded considerable success [Refs. 19-22]. Of particular interest in this research is the 

ingot metallurgy method recently developed by DURALCAN. It should be noted that 
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this procedure utilizes relatively large reinforcement particles: diameters are generally 10- 

30 urn as compared to l-10um in conjunction with powder metallurgy methods. Larger 

particles may be more readily dispersed in the matrix; strengthening requires load 

transfer to the dispersed particles by interfacial shear and so the matrix/particle interfacial 

characteristics are important to these MMCs [Ref. 23]. 

For engineering purposes a primary consideration in the development of 

discontinuously reinforced MMCs is the contribution of the paniculate reinforcement to 

the composite elastic modulus. For example, by adding 20 volume percent of A1203 

(EAiumina = 410GPa) particles to an aluminum alloy matrix (EA1 = 70GPa), we can 

produce a composite can be produced that retains a measure of the aluminum's ductility 

and toughness while attaining an elastic modulus of HOGPa, which is approximately 

50% greater than that of the unreinforced matrix. The density of the composite is raised 

only slightly above that of unreinforced aluminum. 

B. PERFORMANCE ASSESSMENT IN COMPOSITE MATERIALS 

The Rule of Mixtures equations may be employed to predict the upper and lower 

bounds on the elastic modulus of a composite. [Ref. 23]. The upper bound corresponds 

to isostrain loading, while the lower bound corresponds to isostress loading. The 

isostrain and isostress states relate to the loading conditions for a unidirectional, 

continuously reinforced material as depicted Figure 2.3 [Ref. 23]. 

10 
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Under isostrain conditions the matrix and the reinforcement material experience 

identical strain. Such is the case in a fiber reinforced composite where the load is applied 

parallel to the axis of fiber orientation. This condition is taken as the upper bound for 

particle reinforced composites: 

Ec = EmVm + EpVp (2.1) 

where E = composite modulus elasticity, V = volume fraction and c, m, p represent the 

composite matrix and particulate phases. 

The isostress condition is defined by loading in which both phases are subjected 

to the same stress. This is approximately true in the case of a unidirectional fiber 

reinforced material when the applied load is oriented 90 degrees off the axis of the fiber 

orientation. This transverse loading exposes both the matrix and the reinforcement to 

nominally the same stress. This situation provides a lower bound estimate for particulate 

reinforced composites: 

Ec =      EmEp (2.2) 

VmEp + V£m 

Figure 2.4 [Ref. 23] shows a typical plot of  composite elastic modulus versus 

volume percent of particles for Tungsten particle-reinforced Copper MMCs.   It can be 

seen that all experimental data points fall within the region described by the upper and 

lower bound Rule of Mixtures equations.   It is important to note that these two equations 

are based on the following assumptions: 

1.   the reinforcements (particles or fibers) are homogeneously 
distributed; 

12 



2. there is good load transfer at the interface between the 
reinforcements and the matrix, with no significant debonding; 
and 

3. the reinforcements are defect free and unbroken. 

Clearly, the presence of cracked particles would diminish the amount of load 

effectively transferred to the particles, causing the overall elastic modulus to decrease. 

Indeed, modulus measurement, e.g. by ultrasonic methods, may prove useful in 

evaluating the extent of particle damage in such MMCs. 

Poisson's ratio is an additional coefficient that is important in describing both 

elastic and plastic response in materials. A metal generally deforms elastically at first 

and then plastically during tensile straining. While elastic deformation is completely 

recoverable because interatom bonds are only stretched, the plastic deformation is 

permanent because dislocation motion or other mechanisms of plastic deformation result 

in atoms changing nearest neighbors. In the case of deformation induced by uniaxial 

loading, the sample displays strain not only in the direction of the applied force but also 

along axes orthogonal to the applied stress. This results in a lateral contraction of the 

sample under tension. The relationship between the strain associated with the applied 

stress and its accompanying lateral strain during this uniaxial loading is given by 

Poisson's Ratio (v): 

v =-(Bx/sz)  =  -(Sv/Sj (2.3) 

13 
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where 8X and sy = principal strains along lateral axes (perpendicular to axis of applied 

force) and 8Z = principal strain in direction of applied force.   Theoretically, a metal 

behaving in a perfectly plastic manner undergoes no net volume change and has a 

maximum value of v = 0.5. If one assumes that volume is constant, then the dilatation 

(the ratio of volumetric change to initial volume) must also be equal to zero: 

AV/Vn = 0 (2.4) 

where AV = change in volume, and Vn is the original volume. By definition of the 

dilatation: 

AV/V0 = Zx + Zy + 8Z (2.5) 

where EZ is the principal strain in direction of applied force and ex ,sy are the resultant 

principal strains perpendicular to tensile axes. 

Using the definition of Poisson's ratio for the case of uniaxial loading, and 

assuming isotropic behavior, the following relationship can be stated: 

AVI Vn =   ea + 2e, = ea(l-2v) = 0 (2.6) 

Then v = 0.5, where za is the strain in the axial direction, and 8/ is the strain in any lateral 

direction. In the event that void formation occurs during tensile extension, AVI Vn > O, 

and v < 0.5. Separate measurements of saand zt provide a ready method to evaluate such 

dilatational defects; and the dependence of E and v may provide insight into the nature of 

the related processes. 

15 



Particle cracking is not considered to be the only possible cause of fracture and 

tensile failure in MMC's. Past research in the field of discontinuously reinforced MMCs 

has encompassed a wide variety of potential causes of material failure. These include: 

matrix failure, debonding at the particle-matrix interface, and mechanisms related to non- 

uniform distribution of particles, as well as particle cracking. 

The various causes and initiators of debonding at the reinforcement/matrix 

interface have been the subject of significant research. For example, the superior 

stiffness, strength, and high temperature capability of SiC reinforced aluminum has long 

been overshadowed by its poor impact resistance and low toughness [Ref. 24]. Recent 

research has attempted to correct this problem by introducing microstructurally 

toughened composites [Ref. 25]. In this case, the SiC particles are surrounded by regions 

of aluminum matrix that are embedded with fine, cylindrical SiC 'pseudo fibers'. 

Through this technique superior "plastic behavior" of the composite material is achieved. 

This can be seen in Figure 2.5 [Ref. 24]. Recent literature has focused on the importance 

of successful wetting and bonding of particles to the matrix to improve fracture 

toughnessfRefs. 25 - 26], while additional research has concentrated on the prevention of 

component diffusion through the interfacial boundary [Ref. 27]. 

Numerous studies have linked the mechanical properties of particle reinforced 

metal matrix composites to the uniformity of particle distribution [Ref. 1]. Research in 

this laboratory has shown that true processing strains on the order of 4.0 are required to 

achieve a homogenous distribution of particles in the case of alumina reinforced 

aluminum alloys [Ref. 12]. Further, it was found that while cold working was generally 

16 



70 
Conventional 

20 v/o SiCp/6061 AI-T6 

Stress    40 - 
(ksi) 

MT 20 v/o SiCp/6061 AI-T6 
(1/4 in. SiC/6061 Al precursor rod) 

Figure 2.5       Plot of tensile properties of conventional and microstructurally toughened 
SiC/Al. From Reference [24]. 



less effective, hot processing effectively redistributed the ceramic particles by grain 

boundary sliding following recrystallization in particle clusters [Ref. 1]. This resultant 

homogenous particle distribution achieved through theromomechanical processing led lo 

an increase in both tensile ductility [Ref. 6], and improved fracture resistance of the 

composite [Ref. 2]. The relationship between homogenous particle distribution and 

particle cracking in a SiC reinforced aluminum alloy has been recently investigated by 

Lloyd and others [Ref. 29-30]. This work indicated that particle fracture initiates in 

regions of clustered or banded particles that arise during fabrication. It was also observed 

that particle cracking occurred not only at the fracture site but at various locations along 

the gage length. Recent research has found that particle size and degree of strain 

experienced were identified as factors controlling particle cracking [Ref. 31]. This 

research indicated that a higher number fraction of particles cracked in composites 

reinforced with large particles and with high matrix yield strengths. These results were 

supported by Singh and Lewandowski in their study of SiC-reinforced aluminum alloys 

[Ref. 32]. Particle cracking was found to increase linearly with matrix strain. In 

addition, their research concluded that the Poisson's Ratio in elastic behavior of the 

composites was significantly lower than for the unreinforced alloy. They concluded that 

this change in Poisson's Ratio was dependent on both failure of the matrix and particle 

cracking with increasing strain. It was proposed that the higher elastic modulus and 

lower Poisson's Ratio of the ceramic reinforcement is a significant cause of this particle 

fracture. 

18 



Work at in this laboratory would seem to lend support to this position. Research 

by Ballou [Ref. 1} found that in A1203 reinforced aluminum alloys, tensile failure resulted 

from particle cracking followed by the formation of voids at cracked particles through 

ductile tearing in the matrix. Clearly, particle cracking is not simply a by-product of 

material fracture but is critically involved in fracture initiation and material failure. 

This research will attempt to shed further light on the role of particle cracking in the 

failure of a selected MMC. 

19 
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III. EXPERIMENTAL PROCEDURE 

A. MATERIAL 

The composite material examined in this work was a particle-reinforced 6061 Al - 

20 volume percent AI2O3 metal matrix composite produced by DURALCAN - USA, 

currently located in Novi, MI. The material was produced via a proprietary ingot- 

metallurgy method developed by DURALCAN [Ref. 1]. The chemical composition of 

the 6061 Al - 20 volume percent AI2O3 matrix alloy was provided by the manufacturer 

(in weight percent) is listed in Table 3.1: 

Table 3.1 Com position of 6061 Al - 20 Volume Percent AI2O3. From Reference [4]. 

Si Fe Cu Mn Mg Cr Zn Ti Al 

0.55 0.05 0.27 <0.01 1.00 0.12 0.01 0.01 Remainder 

Unreinforced 6061 A1-T6 material was obtained from NPS stock. The 12.5 mm 

(0.5 inch) diameter cylindrical bar stock was used to machine tensile samples for control 

purposes during the mechanical testing portion of this research. This material had the 

composition listed in Table 3.2 [Ref. 35]: 

Table 3.2        Composite of 6061 Aluminum. From Reference [351 ■ 

Si 

0.6 

Mn 

0.28 

Mg 

1.00 

Cr 

0.20 

Al 

Remainder 
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B. PROCESSING HISTORY 

Details of the thermomechanical processing schedule utilized with the MMC 

examined in this research were provided by Ballou [Ref. 1]. The schedule is shown 

schematically in Figure 3.1 and is briefly summarized below. 

The composite was consolidated by direct chill casting in the form of a 17.8 cm 

(7.0 inch) diameter billet which was sectioned into lengths of about 51 cm (20 inches) by 

the manufacturer. All extrusions were conducted by Universal Alloy Inc. of Anaheim, 

CA. The first extrusion was done at 440°C to produced a bar of 6.3 cm (2.5 inch) 

diameter. The bar was sectioned to provide billets which were extruded again at 440°C to 

a diameter of 16.3 mm (0.642 inch). The extrusion process was followed by two separate 

cold draw/anneal cycles, with the anneals both conducted at 350 °C. The final 

draw/anneal cycle reduced the MMC to its final diameter of 12.5 mm (0.5 inch). The 

resulting total true strain experienced by the composite in the received state was 5.32. 

This amount of strain level was found in previous work by Ballou and 

Longenecker [Refs.l&2] to provide a uniform and homogeneous composite 

microstructure by redistribution of the reinforcement particles and refinement of the 

matrix microstructure. 

C. TENSILE SAMPLE FABRICATION 

Button-head tensile specimens of the MMC as well as the unreinforced 6061-Al 

alloy were machined from 12.5 mm (0.5 inch) diameter bars of the respective materials to 

22 
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Figure 3.1       Processing schedule for the Al 6061-20 volume percent AI2O3 metal 
matrix composite. Size dimensions and strains are listed for each step. 



the dimensions specified in Figure 3.2. The composite material was found to be highly 

abrasive and all cutting and machining had to be accomplished utilizing diamond and 

cobalt cutting and milling tools. The buttonhead sample design used in this work was 

intended to provide a gage length at least five times the gage diameter. Also, the shank 

diameter was designed to ensure that plastic deformation in the grip end sections of the 

sample could not occur prior to fracture in the gage length. 

R.06J 
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.481 

n— 
.270 

_1  
R.2S0 

I 

1.220- 

2.438- 

3.000 

.890 

.500 

.281 

Figure 3.2      Tensile Test Button-head design. These samples were machined from 
0.5" (12.77mm) diameter extruded bars. 

D. HEAT TREATMENT 

A total of eight button-head samples were machined from as-received MMC 

material and all were heat treated identically. Oven temperatures were monitored by K- 

type thermocouples attached to an OMEGA Model HH21 Microprocessor Thermometer. 

Each sample was solutionized in a Lindberg Type 51222 furnace at 545 "C for 70 

minutes. Solutionized samples were immediately quenched into still, ambient- 

temperature water and placed into a Lindberg Blue-M oven. Model OV-490A-3. set at 

160 °C for aging.  This is the recommended aging temperature for 6061 Al [Ref. 33] and 
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has been utilized in previous work, e.g. by Schaeffer [Ref. 8] and Eastwood [Ref. 11]. 

The samples were aged for 18 hours and then allowed to air-cool and equilibrate at room 

temperature prior to mechanical testing. 

E. TENSION TESTING 

1. Diametral Measurements (Before Testing) 

After the samples had cooled to room temperature, diametral measurements of 

their gage sections were made. Measurements were made using a Mitutoyo Analog 

Micrometer with a rated precision of 0.0001 inches. Five equally spaced points along the 

gage length of each test sample were selected. The diameter at each point was measured 

three times, with a 120° rotation about the longitudinal axis between each measurement. 

This allowed for any ellipticity of the sample to be taken into account. The diameter at 

the midpoint at the gage length of the sample was measured first. Two points located 6.2 

mm (0.24 inch) on either side of the center point were then measured and finally points 

12.4 mm (0.44 inch) were measured. Four 6061 Al tensile samples were diametrally 

measured in an identical manner. 

2. Diametral Measurements (After Tension Tests) 

After tension testing was completed, the measurement process was repeated. In 

this case, the incremental distance between subsequent measurement points was altered to 

correspond to 20% of the measured gage length of the sample in order to account for 

sample extension. By this process, 15 diametral measurements were obtained for each of 

the eight composite samples as well as the four Al 6061 samples. These diametral 

measurements were analyzed by the Student t-test to assess the statistical validity of the 

resulting strain data. [Ref. 34] 

For each set of 15 diametral measurements the mean diameter (Xmean) was 

determined. The standard equation for mean determination was used: 
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Xmean      ~ Xj +  X] + ... X,\ (3.1) 

N 

where XN    is each  individual  measured  diameter and     N  is the  total   number of 

measurements. 

The standard deviation (SN) for each set of data was also calculated: 

SN =    (   (Xmean -X,f + (Xmean-X2)2 +... (Xmean-XN)    )l/2 (3.2) 

(N-l) 

Once the standard deviation had been calculated for all measurement sets, the 

largest value obtained was selected for use in the confidence interval determination. See 

Table 3.3 for tabulated mean average and standard deviation results. Due to the 

importance of accurate diametral measurements to subsequent diametral strain 

determinations, a 99% confidence interval was deemed necessary. From a standard t-test 

table [Ref. 34], the t-value for a 99% confidence interval (to.oos) was determined. The 

following equation was used for precision interval (pN) determination: 

PN     =    ±    (to.oos) (SN) (3-3) 

F. THE MECHANICAL TESTS 

Tension tests were conducted on eight separate composite samples as well as four 

samples of the reference 6061 Aluminum material. Tensile test data was obtained from 

an Instron computer-controlled Model 4705 Mechanical Testing Machine.    Plots of 
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engineering stress versus engineering strain were obtained from the Instron SERIES IX 

Material Testing System software. All tension tests utilized a constant crosshead speed of 

0.2 mm/min and were conducted at room temperature (20-25°C). An Instron Model 

2620-824 Extensometer was employed to monitor and measure axial strain during tensile 

extension. The test data acquisition rate was five points per second and the data were then 

backed up on 3.5" floppy diskettes. All of the composite samples were pulled to strains 

in the plastic range of the stress-strain curve and two were pulled until failure. The 

unreinforced 6061 samples were pulled to plastic strains in a range corresponding to the 

ductility of the composite. The computer program reports provided additional data on 

yield strength and modulus of elasticity as well as total strain. 

G. DATA CONVERSION 

Data was converted and exported from the Instron compressed file format into 

ASCII files for use in Microsoft Excel. The raw data could then be edited and structured 

as needed. 

H. METALLOGRAPHIC SAMPLE PREPARATION 

The schedule provided in Table 3.4 was used for grinding and polishing in the 

preparation of the composite specimens selected for metallographic analysis. The 

schedule was obtained from the Buehler Corporation and has been successfully utilized in 
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previous work (Refs.1-3).   All grinding was accomplished on a Struers Knuth-Rotor 3, 

while polishing was conducted on a Buehler Ecomet 3 Variable Speed Grinder/Polisher. 

I. OPTICAL MICROSCOPY 

In order to evaluate the role of particle fracture during plastic deformation 

prepared samples of the composite material were examined in a Zeiss ICM-405 Optical 

Microscope. After the samples had been prepared and examined visually, 35 mm 

photographs were taken using Kodak TMX 100 black and white film and a Nikon 35 mm 

SLR camera (utilizing the Zeiss Photographic Microscope with a vertical eyepiece 

adapter). 

J. SCANNING ELECTRON MICROSCOPE IMAGING 

All SEM fractography analysis was conducted utilizing a Model S-200 Cambridge 

Scanning Electron Microscope at the Naval Postgraduate School. 
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PRE-TENSILE TEST MEASUREMENTS 
Sample # Number of Measurements Mean diameter (in) Standard Deviation 

1 15 0.1998 8.0178 x 10° 
2 15 0.1998 2.1712 x 10"4 

3 15 0.1996 1.8708.x I0"4 

4 15 0.1999 1.1650 x I0'4 

5 15 0.1999 1.8516.x I0"4 

6 15 0.1999 1.2248 x 10-4 

7 15 0.2000 1.0000 x 10"4 

8 15 0.1998 1.1339 x 10"4 

POST-TENSILE TEST MEASUREMENTS 
Sample # Axial Plastic 

Strain 
Number of Measurements Mean diameter (in) Standard Deviation 

1 0.0076 15 0.1979 2.414 x I0"4 

2 0.0105 15 0.1989 1.2818 x I0"4 

3 0.0135 15 0.1983 1.3762 x I0"4 

4 0.0164 15 0.1983 1.1439 x 10"4 

5 0.0217 15 0.1976 2.480 x I0"1 

6 0.0250 15 0.1973 1.1738.x I04 

7 0.0322 15 0.1988 1.4722 x I0-4 

8 0.0398 15 0.1991 1.0343 x 10"4 

TABLE 3.3 Diametral Mean Averages And Standard Deviations. 

Step 
Number 

Polishing Medium Grit Size Grit Diam. 
(microns) 

Time (min) Wheel 
RPM 

Comments 

1 Carbide Paper 230 46 0.5 12" diam 
300 RPM 

1-5 Ibf* 

2 Carbide Paper 400 30 0.5 12" diam 
300 RPM 

1-3 IbP 

3 Carbide Paper 1000 18 2 12" diam 
300 RPM 

1-3 IbP 

4 Carbide Paper 2400 10 3 12" diam 
250 RPM 

1-3 Ibf* 

5 Carbide Paper 4000 5 3 12" diam 
250 

1-3 Ibf* 

6 diamond spray w/Metadi 
extender chemomet cloth 

6 6-9 12" diam 
Slow spd 

1-3 IbP 

7 diamond spray w/Metadi 
extender chemomet cloth 

1 6-9 12" diam 
300 RPM 

1-2 IbP 

8 diamond spray w/Metadi 
extender micro cloth 

0.05 1 12" diam 
300 RPM 

1-2 IbP 

Table 3.4 Specimen Polishing Abrasive Schedule. 

29 



30 



IV. RESULTS AND DISCUSSION 

The role of particle cracking during deformation and fracture of a 6061 Al-20 

volume percent A1203 metal matrix composite was investigated by conducting tensile 

tests, each to a pre-determined strain. Dilatation was evaluated by careful measurement 

of both axial and diametral strains. Metallographic examination was employed to 

correlate dilatation data with microscopy. 

A. MECHANICAL TESTING 

The results from the tensile tests conducted on the eight samples of 6061 Al-20 

volume percent A1203 and the four samples of 6061 Al are summarized in Table 4.1. 

Instron analysis programs produced displacement and total axial strain data for each 

sample. Plastic strain values were determined by subtracting the elastic strain 

corresponding to the applied stress at the cessation of straining (or fracture). This elastic 

strain was determined by extrapolating the elastic portion of the stress-strain curve to the 

stress in question; the elastic strain was determined for this stress and subtracted from the 

total strain. 

The eight composite samples were pulled to various strains, including failure. 

Four aluminum samples were also tested over a similar range of strain values for 

comparison purposes. Axial strain values were based on extensometer data. Post-tensile- 

test diametral measurements resulted in the determination of corresponding diametral 
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6061 Al-20 Volume Percent A1203 

Sample 
# 

Axial Plastic Strain Diametral Strain Volumetric 
Dilatation 

Poisson's 
Ratio 

0 0 0 0 
1 0.0076 -0.0035 0.0006 0.46 
2 0.0105 -0.0045 0.0015 0.43 
3 0.0135 -0.006 0.0015 0.44 
4 0.0164 -0.0065 0.0034 0.40 
5 0.0217 -0.009 0.0039 0.42 
6 0.025 -0.008 0.0093 0.32 

7* 0.0322 -0.0095 0.0132 0.29 

8* 0.0398 -0.011 0.0187 0.26 

6061 Al 
Sample 
# 

Axial Plastic Strain Diametral Strain Volumetric 
Dilatation 

Poisson's 
Ratio 

0 0 0 0 
1 0.0157 -0.0075 0.0006 0.48 
2 0.0255 -0.0125 0.00045 0.49 
3 0.0356 -0.0175 0.00058 0.49 
4* 0.0539 -0.0267 0.0005 0.50 

Table 4.1 Summary of obse :rved mechanical beh avior (* indicates sample fracture). 

strain values for each sample.   Dilatation computations were conducted in accordance 

with Equation 2.6. 

The dilatation values determined from the axial and diametral strain 

measurements and reported in Table 4.1 are plotted versus axial plastic strain in Figure 

4.1 for both the composite and unreinforced control 6061 material. The composite 

exhibits dilatation from the onset of straining and the rate of increase of dilatation with 

strain appears to accelerate as the axial strain increases. In contrast, the unreinforced 

6061 control material exhibits almost no dilatation during plastic deformation, as 

expected for plastic deformation of an ordinary metal.   It is noteworthy that the dilatation 
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Figure 4.1    Plot of Dilatation versus Axial Plastic Strain for 6061 AI-20 volume percent AI2O3 and 

6061 Al tensile samples   
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of the composite reaches a value 0.01 at an axial strain of about 0.025; this suggests that 

an appreciable portion of the apparent plastic deformation of the composite at this point is 

actually due to internal void formation. 

Poisson's Ratio can be calculated from the axial and diametral strains and these 

data are included in Table 4.1 for both the composite and unreinforced 6061. In Figure 

4.2 the calculated Poisson ratio, v, is plotted versus apparent axial strain and it is seen 

that v = 0.5 for the unreinforced matrix alloy. In contrast, v is strain dependent for the 

composite over the strain range investigated and decreases to a value of about 0.25 at an 

apparent axial strain of 0.04. This value is below the value of Poisson's Ratio for elastic 

behavior of the unreinforced matrix. 

The dilatation of the composite material can be explained by a mechanism of 

particle cracking followed by internal void formation as particle fragments move apart 

during straining. Linkage of such voids would lead ultimately to fracture [Ref. 1]. It has 

been observed that both fractured and undamaged particles are present in 6061 Al-20 

volume percent A1203 material prior to tensile loading [Refs. 1-2]. During tensile 

straining, load is increasingly transferred to the discontinuous particles within the matrix. 

These particles fail by cracking upon reaching their elastic limit. Once these particles 

fracture, voids start to form between the particle fragments. Initially limited by the 

diameter of the particle, these voids later expand outward, both axially and diametrally. 

Figure 4.3 from Ref. 1, shows a schematic representation of this process. Void growth 

continues until voids begin to link together forming an incipient crack. 
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Figure 4.2      Plot of Poisson's Ratio versus axial plastic strain for 6061 Al-20 volume 
percent AI2O3 and 6061 Al tensile samples. 
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Figure 4.3       Schematic of the failure mechanism in this metal matrix composite. From 
Reference [1]. 



The mechanical data of the present work support such a mechanism of progressive 

cracking of particles, followed by void growth and coalescence. For this composite the 

observed dilatation increases with strain from the onset of plastic deformation. It is 

therefore reasonable to assume that continued straining of the sample results in both the 

formation of newly sundered particles and a greater separation in already broken 

particles. Together, these phenomena would create a progressive increase in void volume 

within the material. Such a mechanism would account for sample elongation during axial 

straining without diametral contraction. 

B. MICROSTRUCTURAL EVALUATION 

The foregoing suggests a simple relationship between the observed dilatation and 

the local processes of particle cracking in the composite. This is illustrated in the 

schematic of Figure 4.4. 

Figure 4.4      Schematic of particle cracking process. 
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The total number of particles per unit volume in the composite, A^, is given by 

NT .       Vf (4.1) 

(4TI/3) {dp/2)3 

where Vf is the volume fraction of particles of diameter dp. The number of cracked 

particles per unit volume, Nc, is just 

Nc = ncNT (4.2) 

where ric is the measured fraction of cracked particles. For each cracked particle there is 

an associated local dilatation, Av, given by 

Av = (Alsep)(n/4)(d/ (4.3) 

where Alsep is the separation distance between particle fragments(Figure 4.4). These 

relationships may be combined to obtain the dilatation AV/V0 for the composite as 

AV/V0 = NCAV = 3 V/7CAVsep/2dp (4.4) 

where all terms have been defined. This relationship indicates that measurement of the 

fraction of cracked particles, nc, and the mean separation distance. A/sep. by 

metallograpbic examination of deformed samples should allow direct correlation of the 

measured dilatation with the microscopic processes involved. 

Metallographic preparation of four of the deformed composite samples was 

conducted according to the procedure outlined in the previous chapter. Photomicrographs 

of each of the four strained conditions of the composite material were analyzed 

quantitatively to obtain nc. At least one thousand particles were examined as the sample 

base for this procedure. In each case, the total number of particles NT and the number of 
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cracked particles, Nc, were determined for each of the four samples in order to calculate 

nc. Figures 4.5(a) - 4.5(d) show typical microstructures of these samples subject to 

varying degrees of strain. Results of this analysis are summarized in Table 4.2. A plot of 

fraction of cracked particles versus axial plastic strain is shown in Figure 4.6. The 

unstrained material exhibited a significant fraction, nc = 0.0324, or 3.24%, of cracked 

particles. This fraction then increased with strain and reached a value of 0.0947 in the 

fractured sample. It should be noted that this fraction was obtained from examination of 

regions remote from the fracture itself. The Scanning Electron Microscope (SEM) data 

from the fracture surface as well as direct observation of the crack profile suggest that 

virtually all particles are cracked at this location. SEM images of the fractured surfaces 

of both the composite material and the unreinforced 6061 Al alloy are provided in Figures 

4.7(a) and 4.7(b). Measurement of Alsep values from micrographs was attempted and an 

increase in Alsepwith strain was noted. However, in deformed samples it was not possible 

to determine whether fractured particles had failed due to prior processing or as a result of 

tensile deformation. For this reason, no attempt was made to determine the relationship 

between Alsep and saxial. 

C. DISCUSSION 

The results of this study appear to support the notion of a progressive particle 

cracking process during deformation of this material. Ambient temperature tensile strain 

measurements of the composite material demonstrated that the sample volume does not 

remain constant during tensile deformation. Instead, dilatation occurs progressively; this 
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Figure 4.5(a) Optical micrograph of the 6061 Al-20 volume percent A1203 MMC 
which has undergone no tensile deformation. 

Figure 4.5(b) Optical micrograph of the 6061 Al-20 volume percent A1203 MMC 
which has been deformed in tension to an axial plastic strain of 0.0135. 
Tensile direction is vertical. 
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ft»*»*. 

Figure 4.5(c) Optical micrograph of the 6061 Al-20 volume percent A1203 MMC 
which has been deformed in tension to an axial plastic strain of 0.0253. 
Tensile direction is vertical. 

Figure 4.5(d) Optical micrograph of the 6061 Al-20 volume percent A1203 MMC 
which has been deformed in tension to an axial plastic strain of 0.0398. 
Tensile direction is vertical. 
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Table 4.2        Axial strain values with this corresponding fraction of cracked particles for 
6061 Al-20 volume percent A1203 matrix. 

Photos Axial Strain "c 

#1 0.0 0.0324 

#2 0.0135 0.0447 

#3 0.0253 0.09216 

#4 0.0398 0.0947 
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Figure 4.6      Plot of fraction of cracked particles versus axial plastic strain for 6061 Al- 
20 volume percent A1203 matrix. 
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concept of volume expansion is reinforced by the apparent linear dependence of the 

Poisson's ratio value on axial strain. The negative slope of v versus eaxiai is consistent 

with the strain dependence of the dilatation. These observations suggest that the observed 

dilatation increases due to an increasing number of internal voids that form as particles 

crack in a successive manner during tensile deformation. 

Optical microscopy provided further evidence of the role of particle cracking in 

the deformation and fracture behavior of the 6061 Al-20 volume percent material. It was 

observed that void formation occurred exclusively at fragmented particles. In addition, a 

calculation of the fraction of cracked particles revealed that the number of broken 

particles increased linearly as axial strain was increased. 

These observations can be most easily be explained by a particle cracking process 

that is progressive, and that is dependent on the local stresses surrounding the 

reinforcement particles. 
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Figure 4.7(a) SEM micrograph for fracture surface of 6061 Al-20 volume percent Al-,0, 
MMC. Notice numerous faceted and cracked particles. 

Figure 4.7(b) SEM micrograph of 6061 Al unreinforced sample. Surface indicates 
failure through microvoid formation followed by coalescence and ductile teariim 

44 



V. SUMMARY 

A. CONCLUSIONS 

The following conclusions are drawn from this work: 

1. The 6061 Al - 20 volume percent Al203composite demonstrated an increasing 
degree of dilatation as the axial strain increased. 

2. The 6061 Al unreinforced alloy showed negligible dilatation. Inclusions in 
the material may account for the slight effect observed. 

3. Void formation in the composite material occurred exclusively in association 
with fracture of particles. 

4. The fraction of cracked particles in the composite material increased with the 
amount of axial strain. 

5. Effective measurement of the average particle separation distance between 
cracked particle fragments is limited due to the uncertainty regarding the 
strain at crack initiation. 

B. RECOMMENDATIONS 

The following is a list of recommendations for further study. 

1. Attempt to model the particle fracture and load transfer processes: a Finite 
Element Method (FEM) of analysis may prove useful in this effort. 

2. Conduct a dilatation analysis for the 6061 Al - A1203 metal matrix composite 
for varying reinforcement volume fractions and a range of thermomechanical 
processing histories. 

3. Conduct a local strain analysis through the measurement of particle separation 
distance in processed and unprocessed samples of the composite material. 
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